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ABSTRACT 

Conventional gr inding  methods are harsh  and produce dramatic  changes 
i n  c o a l .  When c o a l ,  i n i t i a l l y  a t  room temperature ,  is  ground i n  t h e  pres-  
ence of a i r ,  t h e  h igh  l o c a l i z e d  temperatures  produced are known t o  cause 
both t h e  product ion of gases  and s u r f a c e  oxida t ion .  These p e r t u r b a t i o n s  
make meaningful measurements on t h e  product  v e r y  d i f f i c u l t .  A technique 
t h a t  minimizes t h e s e  e f f e c t s  is t h e  p u l v e r i z a t i o n  of c o a l  i n  l i q u i d  n i t r o -  
gen. Compared with convent ional  methods, t h e  process  i s  rap id  and appears  
t o  b e  less d e s t r u c t i v e  chemical ly .  ESCA measurements suppor t  t h i s  con- 
c l u s i o n .  Surface o x i d a t i o n  i s  s i g n i f i c a n t l y  reduced by t h i s  mild t r e a t -  
ment. The method produces more p a r t i c l e s  below 38 microns than does con- 
v e n t i o n a l  gr inding  and these  f i n e  p a r t i c l e s  are l e s s  prone t o  agglomera- 
t ion .  

The c rushing  of  c o a l  p r e s e n t s  a c o n s i d e r a b l e  cha l lenge  t o  t h e  experi-  
m e n t a l i s t  i n t e r e s t e d  i n  obta in ing  v a l i d ,  r e p r e s e n t a t i v e  measurements of 
coa l  p r o p e r t i e s .  From the  moment t h e  c o a l  is broken from t h e  mine f a c e ,  
i t  begins  changing i t s  phys ica l  and chemical  p r o p e r t i e s .  Not t h e  l e a s t  of 
t h e s e  a l t e r a t i o n s  are  t h e  evolu t ion  of gases  and s u r f a c e  oxida t ion .  By 
the  t i m e  t h e  c o a l  reaches  t h e  l a b o r a t o r y ,  i t  has  undergone changes com- 
parable  t o  t h o s e  i t  w i l l  exper ience  en r o u t e  t o  gasificationlliquefaction 
p l a n t s .  To t h i s  e x t e n t ,  t h e  l a b o r a t o r y  a n a l y s t  is d e a l i n g  with a m a t e r i a l  
s i m i l a r  t o  t h a t  used i n  these  i n d u s t r i a l  p rocesses .  However, f u r t h e r  
gr inding  of t h e  c o a l  f o r  l a b o r a t o r y  purposes  can modify t h e  coa l  s i g n i f i -  
c a n t l y .  Radd, Care l  and Hamming' have shown t h a t  o l e f i n i c  gases a r e  
evolved dur ing  the  process ,  presumably as a r e s u l t  of t h e  gr inding  process  
i t s e l f .  This  sugges ts  t h a t  convent iona l  g r i n d i n g  processes3  '' a r e  harsh  

i n c r e a s e  of r e a c t i v e  s u r f a c e s  i n  a n  o x i d i z i n g  environment f u r t h e r  modify 
t h e  c o a l  and make i t s  s i m i l a r i t y  t o  t h e  m a t e r i a l  encountered by t h e  engin- 
e e r s  more remote. Thus, every e f f o r t  must be  made t o  minimize t h e s e  

.and produce important  changes i n  c o a l .  The product ion  of h e a t  and t h e  

'On s a b b a t i c a l  l e a v e ,  P h i l a d e l p h i a  Col lege  of Pharmacy and Sc ience ,  

2F. 3 .  Radd, A. B. Care l  and M. C. Hammi-ig, submit ted t o  Fuel. 

3G. C. Lowrison, "Crushing and Grinding,"  But te rwor th ,  p. 33,  1974. 

4D. I. Hurth,  L. S. Sundae and C. W. S c h u l t z ,  U.S.B.M.R.I. 8069, 

P h i l a d e l p h i a ,  Pa. 
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e f f e c t s .  A technique d iscovered  independent ly  i n  t h i s  l a b o r a t o r y  and 
r e c e n t l y  repor ted  elsewhere5 ' a p p e a r s  t o  achieve  t h i s .  

EXPERIMENTAL WORK 

Air-dr ied c o a l  (approximately 0 . 6 5  c m  s t o c k )  is placed i n  a Dewar 
f l a s k  conta in ing  l i q u i d  n i t r o g e n .  A l l  bu t  a few mi l l i l i t e rs  of  t h e  l i q u i d  
n i t rogen  a r e  decanted and t h e  deep-frozen coa l  is t r a n s f e r r e d  r a p i d l y  t o  a 
hammermill. The i s s u i n g  product ,  cons iderably  below room temperature ,  i s  
c o l l e c t e d  i n  a p l a s t i c  bag and is surrounded by n i t r o g e n  vapors r i s i n g  
from t h e  c o a l .  This  is i n  c o n t r a s t  t o  gr inding  using a mini -ba l l  m i l l  
(Wiggle-bug Model LP60) where t h e  i s s u i n g  coa l  is hot t o  t h e  touch. The 
ground samples are quick ly  t r a n s f e r r e d  t o  a s i e v e r *  f o r  s i z i n g  and s e a l i n g  
€or  l a t e r  experimentat ion.  

RESULTS AND DISCUSSION 

While gr inding  of polymeric  m a t e r i a l s  a t  reduced temperatures  has  been 
noted i n  t h e  Engl ish l i t e r a t u r e , 3  t h i s  l a b o r a t o r y  i s  unaware of  any such 
s tudy on c o a l .  
suggest  many p a r a l l e l s  t o  t h i s  work. These papers  have been rece ived  and 
a r e  being t r a n s l a t e d .  

Recent a b s t r a c t s  i n  Japanese' and Russian6 p u b l i c a t i o n s  

That precool ing  the c o a l  to  l i q u i d  n i t r o g e n  temperature  produced dra- 
matic e f f e c t s  on t h e  ground product  is evident  from Table I. Samples (100 g) 
of I l l i n o i s  No. 6 coa l  w e r e  ground under a v a r i e t y  of condi t ions :  namely, 
i n  a i r  a t  ambient tempera ture ,  w i t h  d r y  ice ,  and i n  l i q u i d  n i t rogen .  The 
ground c o a l  was r a p i d l y  s ieved  i n t o  f r a c t i o n s  between 500 and 90 microns, 
between 90 and 38 microns,  and a f r a c t i o n  below 28 microns. The l a t te r  
f r a c t i o n  was f u r t h e r  analyzed w i t h  a Coul te r  C o ~ n t e r ~ ' ' ~  and t h e  r e s u l t s  
were presented  i n  Table  I. Whereas r e g u l a r  gr inding ,  i . e . ,  a t  i n i t i a l  
ambient temperature  i n  a i r ,  r e s u l t e d  i n  a p a r t i c l e  s i z e  d i s t r i b u t i o n  t h a t  
averages n e a r  t h e  90 micron s i z e ,  those  gr indings  a t  reduced tempera tures  
produced average p a r t i c l e s  c l o s e r  t o  t h e  38 micron s i z e .  Nearly a t h i r d  
of t h e  c o a l  t h a t  w a s  f reeze-ground i n  l i q u i d  n i t r o g e n  passed t h e  38-micron 
s i e v e  compared w i t h  7.7 percent  f o r  t h e  r e g u l a r l y  ground c o a l .  These per-  
centages a r e  remarkably reproducib le .  Furthermore, t h e  Coulter  Counter 
s tudy of t h e  p a r t i c l e  d i s t r i b u t i o n s  showed the  most probable  p a r t i c l e  s i z e  
i n  t h i s  f r a c t i o n  t o  be 28 microns € O K  t h e  r e g u l a r  gr ind  and 18 microns f o r  

'E. Nakanichi and K. Toyota te  Funsa i  (Micromeri t ics)  la, 94 (1973) v i a  
Chem. Abstr. 81. 171948. 

'T. Khrenkova, V .  Lebedev, N. Goldenko and G. Glovina, Khim.  Tverd. 
Topl. 1975, 11; v i a  Chem. Abs t r .  8 3 ,  13132. 

7Micropulver izer  6731431, S l i c k  Company, Summit, N. J. 

8Type 03.501 #720 Manufactured by Alf red  F r i t c h  f o r  t h e  Geos Corpora t ion .  

'T. Al len ,  " P a r t i c l e  S i z e  Measurement," 2nd ed . ,  John Wiley & Sons, 

lowe are indebted  t o  F. Radd, C o n t i n e n t a l  O i l  Company, Ponca C i t y ,  OK 

N.Y.. 1975. 

for t h e s e  ana lyses .  
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t h e  l iquid-ni t rogen-ground coa l .  The f r a c t i o n  ground a t  d ry  ice  tempera- 
t u r e  w a s  n o t  subjec ted  t o  Coul te r  Counter a n a l y s i s  b u t  might be ex  ec ted  
t o  be in te rmedia te  s i n c e  t h e  s i e v e  c l a s s i f i c a t i o n  is in te rmedia te .  e 

It  should be noted t h a t  care must be  exerc ised  both i n  Khe g r i n d i n g  
process  and i n  handl ing of t h e  ground product .  Considerable  l o s s  of  u l t r a -  
f i n e  c o a l  d u s t  w a s  ev ident  dur ing  t h e  gr inding .  For h e a l t h  reasons  a s  w e l l  
as f o r  s c i e n t i f i c  s tudy,  i t  would b e  advantageous t o  recover  t h e s e  c o l l o i d -  
a l  p a r t i c l e s ,  which could b e  a most va luable  f r a c t i o n ;  p o s s i b l y  a shrouded 
m i l l  could be used. The s u r f a c e  p r o p e r t i e s  of t h e  -38 micron f r a c t i o n s  
were cons iderably  d i f f e r e n t  Khan t h o s e  o f  o t h e r  f r a c t i o n s .  A second s i e v -  
ing f o r  a longer  per iod ( t h i r t y  minutes  v e r s u s  t h e  o r i g i n a l  t e n  minutes)  
showed t h a t  f o r t y  percent  of t h e  r e g u l a r l y  ground c o a l  f a i l e d  t o  pass  t h e  
38 micron s c r e e n ,  whereas a l l  b u t  t e n  p e r c e n t  of t h e  l iquid-ni t rogen-ground 
c o a l  d i d  so. Of course,  one r e c o v e r s  more of  t h e  -38 micron f r a c t i o n  w i t h  
f u r t h e r  i n c r e a s e s  i n  s i e v i n g  time, bu t  t h i s  i s  l i k e l y  due t o  t h e  a b r a s i v e  
na ture  of t h e  s i e v i n g  process  i t s e l f .  Thus, i t  appears  t h a t  t h e  c o a l  ground 
with l i q u i d  n i t r o g e n  i s  n o t  on ly  more f r i a b l e ,  bu t  i s  less prone t o  
agglomeration. 

Even under t h e  mild gr inding  c o n d i t i o n s  produced by l i q u i d  n i t r o g e n ,  
some i n t e r a c t i o n  with oxygen w i l l  occur .  Coal has  t rapped i n  i t s  i n n e r  
pores' 'lo s i g n i f i c a n t  q u a n t i t i e s  of  gases ,  about  e ighteen  percent  of which 
i s  oxygen. These gases  a r e  not  removed by pumping under vacuum, b u t  prob- 
ab ly  a r e  r e l e a s e d  dur ing  t h e  g r i n d i n g  opera t ion .  
be d isp laced  by t r e a t i n g  t h e  c o a l  wi th  methanol, shown by Fugassi" t o  
swel l  t h e  coa l  s t r u c t u r e .  Experiments performed i n  t h i s  l a b o r a t o r y  show 
t h a t  methanol r e l e a s e s  t h r e e  t o  t e n  cc of  g a s ,  predominantly a i r ,  a t  STP per  
t e n  grams of I l l i n o i s  c o a l .  The enormously increased  s u r f a c e  produced when 
a 0.65-cm c o a l  fragment ( s u r f a c e  a r e a  -2.5 cm2) is reduced t o  25  micron 
cubes on edge ( s u r f a c e  area 600 cm2) can scavenge a s i g n i f i c a n t  f r a c t i o n  
of the  oxygen l i b e r a t e d  by t h e  g r i n d i n g  process .  

Some of t h e s e  gases  can  

Such a dramatic  i n c r e a s e  i n  s u r f a c e  a r e a  caused by e f f i c i e n t  gr inding  
might be expected t o  r e s u l t  i n  major d i f f e r e n c e s  i n  the  ESR spectrum of t h e  
ground product .  However, no d i f f e r e n c e s  i n  the  s p e c t r a  of c o a l  ground i n  
l i q u i d  n i t r o g e n  and of c o a l  ground i n  a i r  were observed i n  any of t h e  
s ieved f r a c t i o n s .  Aging of c o a l  ground i n  a i r  d id  produce an i n c r e a s e  i n  
ESR absorp t ion ;  presumably t h i s  w a s  due t o  oxygen uptake.  A s tudy  of t h i s  
phenomcnon is planned i n  t h e  near  f u t u r e .  

T h e  most in format ive  and s t a r t l i n g  experiment t h a t  d i s t i n g u i s h e d  t h e  
products  o f  t h e  two gr inding  methods involved sedimentat ion r a t e s  i n  a 
po lar  so lvent  mixture  (1:l toluene-methanol) .  Samples (0.5 g) of -38 
micron f r a c t i o n s  from t h e  r e g u l a r  gr ind and t h e  l iqu id-n i t rogen  gr ind were 
suspended i n  f i f t y  cc  of t h e  s o l v e n t  mixture .  
ground sample had a smal le r  p a r t i c l e  s i z e ,  i t  s e t t l e d  o u t  about  100 t imes 
as f a s t  as t h e  r e g u l a r l y  ground c o a l .  

Although t h e  l iqu id-n i t rogen-  

Because t h i s  s t r i k i n g  d i f f e r e n c e  

, 

"5. A. Solomon and R. J. i n r i g h t ,  Proceedings 8 t h  B i e n n i a l  Conference 

"J. P. F u g a s s i  and M. M i t c h e l l ,  Jr., "Coal Science,'! Adv. Chem. Ser. 

of  t h e  I n t e r n a t i o n a l  B r i q u e t t i n g  Assoc ia t ion ,  pp. 61-71, Denver, CO.,  1963. 

55 ,  400 (1966). 
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p e r s i s t s  f o r  s e v e r a l  weeks, i t  r e f l e c t s  permanent changes i n  t h e s e  samples. 
Our i n t e r p r e t a t i o n  i s  t h a t  the  r e g u l a r l y  ground c o a l  experienced e x t e n s i v e  
oxida t ion  dur ing  t h e  gr inding  and developed a more p o l a r  s u r f a c e  which 
i n t e r a c t s  more s t r o n g l y  wi th  t h e  methanol ic  s o l v e n t  so t h a t  t h e  s e t t l i n g  
r a t e  i s  reduced. Regardless  of whether t h i s  explana t ion  i s  c o r r e c t ,  t h e  
experiment i n d i c a t e s  a d r a s t i c  d i f f e r e n c e  i n  t h e  sur face-so lvent  i n t e r -  
a c t i o n  f o r  these  d i f f e r e n t l y  ground c o a l  samples. The toluene-methanol 
e x t r a c t s  of t h e s e  samples a r e  be ing  analyzed by HPLC f o r  f u r t h e r  comparison. 
An a l t e r n a t i v e  explana t ion  t h a t  is not  supported by ESCA analyses  (v ide  
i n f r a )  i s  t h a t  t h e  product  ground i n  l i q u i d  n i t r o g e n  i s  less homogeneous, 
and r e s u l t s  i n  more of t h e  dense a s h  i n  t h e  -38 micron f r a c t i o n .  However, 
s i n c e  t h i s  f r a c t i o n  was near ly  a t h i r d ' o f  t h e  sample and g r e a t l y  exceeds 
t h e  ash  conten t  of I l l i n o i s  No. 6 c o a l ,  it could provide only a p a r t i a l  
explana t ion  f o r  t h e  rap id  s e t t l i n g  r a t e  of t h e  l iquid-ni t rogen-ground c o a l .  

The -38 micron f r a c t i o n s  of air-ground and l iquid-ni t rogen-ground 
c o a l  were submit ted f o r  ESCA a n a l y s i s  us ing  a Hewlett-Packard Model 59508 
photoe lec t ron  spectrometer  equipped wi th  a n  aluminum anode. 
were h e a v i l y  coated on double  s t i c k y  t a p e  and were evacuated overn ight  t o  
-1 x t o r r  p r i o r  t o  a n a l y s i s .  Charging e f f e c t s  wece minimized by f lood-  
ing  t h e  sample wi th  e l e c t r o n s  and b i a s i n g  i t  s l i g h t l y  nega t ive .  The d a t a  
a r e  presented i n  F igures  1 and 2 where t h e  50K (counts  per  inch)  survey 
scans show an oxygen carbon r a t i o  of 0.48 f o r  t h e  air-ground c o a l  and a 
0.25 r a t i o  f o r  t h e  l iquid-ni t rogen-ground c o a l  (us ing  s tandard  s e n s i t i v i t y  
f a c t o r s ) .  Because of t h e  low pressures  involved and sample handl ing 
procedures ,  t h e  oxygen a n a l y s i s  is be l ieved  t o  r e p r e s e n t  chemical ly  bound 
oxygen and not  adsorbed oxygen.13 F u r t h e r ,  t h e  5 K  i n s e r t  scans  show t h a t  
t h e r e  is not  a s i g n i f i c a n t  concent ra t ion  of silicon, aluminum, o r  s u l f u r  
i n  t h e  l iquid-ni t rogen-ground c o a l .  I f  an enrichment i n  these  elements  
occurred,  i t  w a s  i n  t h e  air-ground f r a c t i o n .  F i n a l l y ,  i t  should be ob- 
served t h a t  n i t r o g e n  incorpora t ion  onto  t h e  c o a l  s u r f a c e  dur ing  gr inding  
w a s  n e g l i g i b l e .  
n i t r o g e n  i n  both samples. This  is c o n s i s t e n t  wi th  t h e  macroscopic e lementa l  
a n a l y s i s .  These s p e c t r a ,  coupled wi th  t h e  observa t ion  t h a t  t h e  ESCA 
a n a l y s i s  f o r  oxygen i n  t h e  l iquid-ni t rogen-ground sample (-20%) compares 
favorably wi th  t h a t  by neutron a c t i v a t i o n  (19.55 ? 0.16%)" sugges ts  
t h a t  t h e  l iquid-ni t rogen-ground c o a l  s u r f a c e  more a c c u r a t e l y  r e p r e s e n t s  
t h e  bulk o r  macroscopic s t r u c t u r e  of t h e  c o a l .  

The samples 

The 5K i n s e r t  scans  sugges t  1 . 2  f 0 .1  atom-percent of 
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